In order to study the pollution levels and spatiotemporal trend of Dichlorodiphenyltrichloroethanes (DDTs) in the Southern Yellow Sea (SYS), thirty-two surface sediment samples and a sediment core have been analyzed, and our results have been compared with previous reports. DDTs contents in our samples ranged from below detection limit to 5.1 ng/g dry weight (d.w.), which presented lower ecological risks in the SYS. Surface sediment results show a seaward increasing trend with high values in the northern region of the central basin of the SYS. Our reconstructed core record and historical data from previous reports reveal an increasing trend from 1905 to 1955 but a decline trend since 1985 for DDTs, which is consistent of the production, usage and banning of DDTs in China. The source identification, based on (DDE + DDD) / DDTs, suggested that aged DDTs were the major contributor, though there were some inputs of fresh DDTs from the usage of 1,1-bis(p-Chlorophenyl)-2,2,2-trichloroethanol (dicofol).
Introduction
Dichlorodiphenyltrichloroethanes (DDTs), as a class of semi-volatile persistent organic pollutants (POPs), have been designated as major pollutants of global concern for decades because of their environmental persistence, bioaccumulation, and ecological risks to plants, animals and human (Aigner et al., 1998; Lin et al., 2012b) . In China, DDTs were widely used in agriculture as well as in malaria control, and the total production reached 270,000 t from 1960 to 1980 (Qiu et al., 2005) . As a result, large amounts of DDTs were exposed to the environment. Due to their serious threats to ecosystems and human health, industrial production of DDTs was banned thereafter in 1983 and the outputs of DDTs declined (Zhang et al., 1999; Li et al., 2015) . However, it has been indicated that some fresh DDTs still have been discharged into the environment as a result of export demand and dicofol production (Zhou et al., 2006; Li et al., 2015) . As a synthetic com pound with a high impurity of DDTs, dicofol, 2,2,2-trichloro-1,1-bis(4-chlorophenyl)ethanol, is extensively used for controlling mites, but it is harmful to cotton, fruit trees and vegetables. During dicofol production and usage processes, a high proportion of DDTs has been leaked into the environment (Qiu et al., 2005; Da et al., 2014) .
Since organic contaminants in marine sediments can be accumulated over seasonal to decadal timescales, oceans often act as remote monitoring sites of regional distribution and temporal trend of POPs changes (Zhang et al., 1999; Wurl et al., 2006; Zhang et al., 2007; Lohmann et al., 2009; Lin et al., 2012b) . The Yellow Sea (YS), one of the China marginal seas, is surrounded by China mainland on the west and the Korean Peninsula on the east (Zhang et al., 2008) . Although the Yellow River and Yangtze River do not directly discharge into the YS, large amounts of terrestrial materials from these two rivers have been deposited in the YS due to transports by ocean currents (Huh and Su, 1999; Lim et al., 2007) . In addition, the coastal areas of the southern YS (SYS) are densely populated, and aquaculture is highly developed (Yin et al., 2015) . As a result approximately 7.6% of contaminants from municipal and industrial activities around the SYS coastal regions have been discharged into the SYS (China's State Oceanic Administration (CSOA), 2007; Ministry of Environmental Protection of the People's Republic of China (MEPPRC), 2007; Duan et al., 2013) . Therein, marine sediments from the SYS have been used to determine POPs pollution levels and to evaluate their ecological risks Da et al., 2013; Chen et al., 2014) .
The contents and distributions of DDTs and their metabolites were often the focus in the early studies in the SYS. It has been noted that they were all presented at lower levels in the SYS, and the effects of human activities in the coastal areas were much greater than in the central SYS basin (Ma et al., 2001) . For example, the contents of DDTs in the sediments collected in 2000 from the eastern part of the YS mud area ranged from 0 to 1.29 ng/g d.w. (Oh et al., 2005) . While DDTs were at higher levels (average 7.72 ± 10.88 ng/g d.w.) in most sites in Haizhou Bay (Fig. 1) littoral regions of Jiangsu Province. Only one site the level exceeded the guideline for effect range median (ERM) (Long et al., 1998) , with surface DDT content up to 62.9 ng/g d.w. (Liu et al., 2008b) . Recently, the major source of DDTs was switched from industrial production into the usage of dicofol after the ban of industrial DDTs (Qiu et al., 2005; Liu et al., 2008b) . Though the above limited data have indicated lower ecological risks of DDTs in the SYS, but their current and future risks are still uncertain possibly as a result of the resuspension from sediments caused by cyclonic eddy (Alexander et al., 1991; Bi et al., 2011; Hu et al., 2013) , as well as from new inputs (Wong et al., 2005; Yin et al., 2015) .
Previous studies have focused on the coastal areas of the SYS spatially, and few sediment records of DDTs were obtained to evaluate the temporal trend. In this study, thirty-two surface sediment samples and a sediment core from the central SYS have been collected for studying pollution levels, spatiotemporal trend and sources of DDTs, especially for the basin areas. Historical data of DDTs in both the coastal and the central SYS have also been compared here to evaluate their ecological risks. ] p,p′-DDT (0.5 mg/L) were purchased from Wellington Laboratories, Inc., Canada. Pentachloronitrobenzene (PCNB) was acquired from Cerilliant, Cambridge Isotope Laboratories (Tewksbury, MA), and organochlorine pesticide standard mixture (US-1128), decachlorobiphenyl (PCB 209) and 2,4,5,6-tetrachloro-m-xylene (TCmX) were acquired from Ultra Scientific USA. HPLC grade hexane and dichloromethane as well as Na 2 SO 4 were purchased from Sigma-Aldrich.
Materials and methods

Chemicals used in the study
Collection of samples
The YS joins the Bohai Sea in the north and the East China Sea (ECS) in the south. It is separated into the SYS and the Northern Yellow Sea (NYS) by the Shandong Peninsula (Fig. 1) . The Yellow River and Yangtze River provide substantial sediment inputs into the SYS, although both do not discharge directly into the SYS (Huh and Su, 1999; Lim et al., 2007) . Short sediment cores from thirty-two sites were collected from the coast to the central basin of the SYS during a cruise in April 2012 ( Fig. 1) , using a stainless steel box-corer onboard the R/V Dong Fang Hong 2 of the Ocean University of China, Qingdao, China. Surface sediments (0-3 cm) from these sites were used for this study. Core N02 (122.634°E, 36.050°N, water depth of 64 m) was collected in the mud area of the SYS with a box corer during the cruise in 2011. The core was sectioned at 1 cm intervals to the depth (Hu et al., 2011); (d) : surface sediment in the coastal area of the SYS collected in 1991 (Ma et al., 2001) ; (e) □: surface sediment in the coastal area of the SYS collected in 1999 (Liu et al., 2008b) ; (f) ○: surface sediment in the coastal area of the SYS collected in 2007 (Wang et al., 2010) . Mud areas are marked in gray. Zhao et al. Marine Pollution Bulletin xxx (2017) xxx-xxx of 33 cm for reconstructing DDT record. All samples were freeze-dried, homogenized, sieved through a stainless steel 75-mesh (0.5 mm) sieve and stored at − 20°C until analysis.
Extraction and cleanup
Sediment samples (10 g) were spiked with surrogates of 50 ng TCmX and PCB209, then suspended with 3 g anhydrous Na 2 SO 4 and ultrasonically extracted with 80 mL hexane/dichloromethane (v/v = 1:1) solution for 40 min and further kept overnight before collecting the extract. Then the sample was extracted again with 80 mL hexane/dichloromethane (v/v = 1:1) solution for another 30 min and with 20 mL hexane for 20 min respectively. Activated copper powder was used for desulphurization. All the extracts were rotary-evaporated to about 1-2 mL and further cleaned with a multilayer composite column consisted of activated silica gel (3 g), acid silica gel (6 g), activated silica gel (1 g) and anhydrous Na 2 SO 4 (3 g) from bottom to top. The column was pre-cleaned with 60 mL dichloromethane/hexane (1:5, v/v) before loading each sample and then the extract was eluted in sequence with 30 mL of hexane and 30 mL of dichloromethane/hexane (1:9, v/v). The eluate was concentrated with a rotary-evaporator and then concentrated to 0.2 mL under gentle N 2 flow. The internal standard PCNB was added before gas chromatography mass spectrometry (GC-MS) analysis (Doong et al., 2002; Hu et al., 2009 ).
Instrument analysis
DDTs analysis was performed on an Agilent 6980N gas chromatography-electron capture detection (GC-ECD) system (Agilent Technologies Inc., Palo Alto, USA) equipped with a HP-1 capillary column (50 m × 0.32 mm, 0.17 μm). Detector temperature was maintained at 300°C. Splitless injection of 1 μL sample was performed with 1 min solvent delay time, and the injector temperature was set at 250°C. N 2 was used as the carrier gas at a flow rate of 1.0 mL/min. The oven temperature program started at 80°C and held for 2 min, in creased to 200°C at 6°C/min, then increased to 250°C at 4°C/min and held for 6 min, and finally ramped to 280°C at 4°C/min and held for 3 min.
Quality assurance and quality control (QA/QC)
A procedural blank (Na 2 SO 4 ) and a spiked sample consisting of all reagents were included with each batch of 10 samples to evaluate the possibility of interference and cross-contamination. The recoveries for the surrogate standard, PCB 209 and TCmX, were in the range of 55.8-127.2%. Spiking recoveries of DDTs from the sediments were 45.6%-102.7%. Method detection limits of DDTs ranged from 0.20 to 0.90 ng/g dry weight (d.w.). All the DDTs contents were corrected with the internal standards.
Sediment dating
To obtain 210 Pb ex , the total 210 Pb and the fraction of the total 210 Pb supported by 226 Ra, were measured for core N02. Gamma spectrometry was employed to measure the activities of 210
Pb and 214
Pb simultaneously on the basis of photon energies at 46.52 and 351.99 keV. The detailed calculation equations were described in the reference (Fan et al., 2014) . The sedimentation rate is about 0.19 cm/yr and the time span is 173 yr.
Results and discussion
Contents and spatial distribution of DDTs
Total DDTs contents in surface sediments of the SYS ranged from below detection limits to 5.1 ng/g d.w., with a mean value of 0.8 ± 1.0 ng/g d.w. (Fig. 2) . The values were comparable to those in most sediments collected from the Guangdong Daya Bay (0.14-20.27 ng/g d.w.) (Qiu et al., 2002 ) and the Yangtze Estuary-Hangzhou Bay (0.05-16.00 ng/g d.w.) (Chen et al., 1999) , but lower 
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than those in sediments adjacent to urbanized areas along the East China Sea (1.2-5.6 ng/g d.w.) (Lin et al., 2012a) , the Pearl River Delta area (3.8-31.7 ng/g d.w.) (Mai et al., 2000) , the Bohai Sea (1.36 ± 0.93 ng/g d.w.) (Hu et al., 2009 ) and the mud area in southwest of the Cheju Island (0.80-5.87 ng/g d.w.) (Zhang et al., 2005) . Compared with other areas globally, the contents of DDTs in the SYS are also at medium levels, lower than that in Singapore Sea (2.2-11.9 ng/g d.w.) (Wurl and Obbard, 2005) and Vietnam offshore (0.31-274 ng/g d.w.) (Hong et al., 2008) , while higher than that in the Gulf of Batabanó and Cuba (0.019-1.27 ng/g d.w.) (Alonso-Hernandez et al., 2014). DDE and DDD are the predominate congeners, with the contents of 0.11-4.88 ng/ g d.w. and ND-0.24 ng/g d.w., respectively. The results were consistent with previous report in the SYS (DDE of 0.05-1.18 and DDD of ND-0.39 ng/g d.w.) (Hu et al., 2011) and in the mud area to southwest of the Cheju Island (DDE of 0.03-0.48 and DDD of 0.03-0.27 ng/g d.w.) (Zhang et al., 2005) . DDTs in the SYS present a seaward-increasing trend characterized with the highest values in the middle and northeast part of the SYS, and this spatial pattern is similar with those revealed by other organic pollutants in the SYS (Hu et al., 2011; Duan et al., 2013) . The characteristics can be attributed to the influence of hydrodynamic condition, as it controls the sinking efficiency of fine particles (Hu, 1984) which are prone to adsorb organic matter (Karickhoff et al., 1979) . Thus, higher DDT content in the central SYS basin is likely caused by the deposition and accumulation of fine sediments (Hu, 1984) .
Effects range-low (ERL) and effects range-median (ERM) (Long et al., 1998) have been introduced as interpretive tools to evaluate the ecological risk of DDTs. According to their definition, the ERL and ERM are 1.58 and 46.1 ng/g d.w. for DDTs respectively. In our study, DDT levels in 78% of the SYS samples were lower than the ERL value, indicating lower adverse biological effects. The results are comparable to that reported in previous studies in the SYS (0.11-1.4 ng/g d.w.) (Hu et al., 2011) . The lower contents of DDTs could be attributed to limited recent input after the usage ban of DDTs since 1983 (Qiu et al., 2005) .
Temporal trend of DDTs
To study the historical trends of DDT input to the SYS, sediment core of N02 was collected from the mud area in the central SYS which is a center of organic matter accumulation including organic pollutants, and the results were shown in Fig. 3a . DDTs increased continuously from the core bottom (ca. 1905) to the highest value around 1955, and the value fluctuated from 1955 to 1977. After that, DDT values presented a decreasing trend. Since 1997, DDTs contents (1.08-1.44 ng/ g d.w.) were lower than ERL (1.58 ng/g d.w), suggesting lower risks in the central SYS. The reconstructed historical trend of DDTs is broadly consistent with the production and usage history of DDTs in China, characterized by the ban of the industrial DDTs in 1983 (Li et al., 2015) . Though the pollution levels of DDTs in sediments decreased since 1977, but the usage and discharge of dicofol still continued and then could lead to fresh input of DDTs (Zhou et al., 2006; Li et al., 2015) . Here, its effects on the distributions and risks of DDTs in the SYS cannot be clearly identified due to the mixing of near-surface sediments and the lower sampling resolution of our record.
There were only a few reports on DDTs in the SYS, although central SYS and the coastal areas are both dramatically affected by anthropogenic activities (Lin et al., 2012b; Chen et al., 2014) . In this paper, almost all the historical DDTs data of the SYS from this study and previous studies have been compiled and compared to better characterize their historical trend. Fig. 3b shows the comparison of DDTs in surface sediments collected in 2007 and in 2012 (our results). It is found that DDTs contents in all 15 samples (0.11-1.4 ng/g d.w.) collected in 2007 were below the ERL (Hu et al., 2011) , slightly lower than those in 2012. The results agreed well with that from the sediment core of N02 (Fig.  3a) , indicating that there is no obvious change in DDTs contents in the SYS in recent years. The reason can be attributed to the combined effect of the decreased input of DDTs and the slow deposition of DDTs dissolved in the large body of water. And the low pollution level of DDTs in the surface sediments is likely to continue for a long time.
The published data of DDTs from the coastal areas of the SYS in the past decades have also been collected and compared with our results (Fig. 3c) . It is obvious that DDTs contents (220 ± 436 ng/g d.w., 6 samples) in 1991 were much higher than those in 1999 (11.2 ± 17.3 ng/ g d.w., 51 samples) and in 2007 (6.0 ± 4.7 ng/g d.w., 29 samples). Among the data collected in 1991, about 33% of the samples exceeded the ERM and all the samples exceeded the ERL (Ma et al., 2001 ), suggesting higher biological effects and toxicological risks (Ingersoll et al., 1996) . On the other hand for the samples collected in the littoral areas of the SYS in 1999, about 84% were below ERL. For the samples collected in the SYS in 2007, the contents of DDTs were broadly at similar levels with that collected in 1999. These levels were also similar to those in the surface sediments from the whole area of the SYS and the sediment core in the mud areas, indicating that the (Hu et al., 2011) and 2012 (ng/g d.w .) (our study), (c) the surface sediments from the coastal area of the SYS (ng/g d.w.) (Ma et al., 2001; Liu et al., 2008b; Wang et al., 2010) . The contents of DDTs were calculated using Origin 9.0. Zhao et al. Marine Pollution Bulletin xxx (2017) xxx-xxx pollution levels of DDTs in the SYS began to reach a steady state as a result of the continuous deposition of a certain percentage of dissolved DDTs from the water body.
Sources of DDTs
Although the usage of DDTs in agriculture activities was officially banned in 1983 in China, its usage was not terminated until 2000; and dicofol continues to be widely used for controlling mites in China (Qiu et al., 2005; Liu et al., 2008a; Da et al., 2014) . Recent studies have indicated that dicofol may be the new source of DDTs in marine environment (Wong et al., 2005; Yin et al., 2015) . Here, the indexes of (DDE + DDD) / DDTs (Qiu et al., 2005; Zhang et al., 2011; Da et al., 2014) have been used for studying source changes of DDTs in the SYS. A ratio much lower than 0.5 indicates that there are recent inputs or fresh application of DDTs, whereas a ratio higher than 0.5 indicates aged DDTs (after undergoing microbial degradation) (Zhang et al., 1999; Da et al., 2014) .
The ratios of (DDE + DDD) / DDTs from all the studied samples in the central and coastal areas of the SYS are shown in Fig. 4 . For the surface sediments from the coastal areas of the SYS, all (DDE + DDD) / DDTs values in 1991 are < 0.5, indicating fresh input domination in sedimental DDTs. After that, about half of (DDE + DDD) / DDTs values (in 1999 and 2007) are > 0.5, suggesting increased contribution of aged DDTs. It must be noted that quite a few number of samples contain fresh DDTs, which indicated their discharge into the coastal areas in recent years, though DDT usages have been banned (Qiu et al., 2005; Li et al., 2015) . As for the surface sediment samples collected from the central SYS in 2007 and 2012, the ratio of (DDE + DDD) / DDTs for most samples is higher than 0.5, with only 7% and 6% below 0.5 respectively. The same results were also observed in the record of the sediment core N02 (Fig. 4b) with the ratio for all samples much higher than 0.5. Compared with the results in the coastal areas with large numbers of fresh inputs of DDTs (Fig.  4) , sedimental DDTs in the central of the SYS should be mainly from the deposition of aged DDTs. This is because before terrestrial matters could be deposited into the sediments of the central SYS, they often undergo long-distance transport and hydrodynamic process of sedimentation and resuspension. The processes often take quite a long time and lead to delayed effect comparing with their deposition in the coastal areas. Additionally, water column biological and biogeochemical processes in the deeper central SYS can also lead to higher ratios of (DDE + DDD) / DDTs in the areas far from the land. In summary, there are some fresh inputs of DDTs into the SYS, but the effect on the pollution level in the central SYS is negligible.
Conclusion
In this study, surface sediment samples from thirty-two sites and a sediment core from the central SYS have been analyzed to study the pollution levels and the spatiotemporal trends of DDTs. Surface sediment DDTs revealed a seaward increasing trend with high values in the northern region of the central basin of the SYS. Combining our reconstructed record with previous reports of sediment DDTs in this region, a declining trend in recent years and a much lower ecological risks have been revealed. In addition, aged DDTs are proposed to be the major source of surface sediment DDTs, although there are some inputs of free DDTs from recent dicofol usage.
